Rhodococcus equi is a major cause of foal morbidity and mortality. We have investigated the presence of lipoglycan in this organism as closely related bacteria, notably Mycobacterium tuberculosis, produce lipoarabinomannans (LAM) that may play multiple roles as virulence determinants. The lipoglycan was structurally characterised by gas chromatography-mass spectrometry following permethylation, capillary electrophoresis after chemical degradation, 
Introduction
Rhodococcus equi is a significant cause of disease in foals between the age of 1 and 5 months and is responsible for ca. 3% of global foal mortality (1) . This organism has also emerged as an opportunistic human pathogen, notably of people with compromised immunity (2) . R. equi is an intracellular pathogen of alveolar macrophages and infection is characterised by bronchopneumonia. The bacterium is known to enter macrophages primarily (but not exclusively) via the complement receptor type 3 (Mac-1) following complement component C3 deposition (2, 3) . Once within the macrophage the bacteria resist host killing mechanisms and multiply, eventually killing the macrophage. Specific bacterial factors which facilitate entry of the organisms into the macrophages, or which aid intra-macrophage persistence, have yet to be identified.
R. equi is a member of the mycolata, a supra-generic taxon including the extensively studied facultative intracellular pathogen Mycobacterium tuberculosis (4) .
Members of the mycolata have a characteristic cell envelope architecture, dominated by lipids, notably the high molecular weight branched-chain mycolic acids. The cell envelope profoundly affects the properties of these bacteria and its composition and organisation has been a major focus of mycobacterial research (5, 6) . Lipoarabinomannan (LAM) is a complex mycobacterial cell envelope component that has been identified as a putative virulence factor of M. tuberculosis (7, 8) . The structure of this macroamphiphile has been studied in detail and consists of a glycosyl-phosphatidylinositol (GPI) anchor unit which bears a branched D-mannan and D-arabinan heteropolysaccharide. However, many elaborations of this core structure have been described, including variations in the pattern
Experimental procedures

Growth and maintenance of organisms.
Three strains of R. equi were used in this study, R. equi 103 + (foal isolate) and R.
equi 28 + (pig isolate) which are clinical isolates containing plasmids associated with increased virulence (27) and the attenuated type strain R. equi ATCC 6939. Stock cultures were maintained on slopes of brain-heart infusion (BHI) agar ('Oxoid', Unipath Ltd, Basingstoke, U.K.) at 4°C. Cultures were maintained by routine subculture onto BHI agar and growth at 37°C for 18h. Broth cultures were grown in BHI broth incubated at 37°C with shaking (200 r.p.m.) for 18h. Growth was then harvested, washed twice in PBS and lyophilised.
Extraction of lipoglycans.
Lyophilised cells were delipidated with chloroform : methanol (1:1 v/v; 50 mg/ml) at ambient temperature for 18 h (28). The cells were then recovered by centrifugation (4000 r.p.m. for 10 min) and washed twice with phosphate buffered saline (PBS). Cells were then permeabilised with mutanolysin (50 U/ml) and lysozyme (25 mg/ml) according to the method of Assaf and Dick (29) . An equal volume of phenol (90% w/v) was then added to 8 50 %, 75 % aqueous MeCN and MeCN (2ml) were used to elute the sample. Fractions collected at each step were assayed for carbohydrate as described previously and by thin layer chromatography (TLC) in MeCN:H 2 O (85:15, v/v), visualising with α-naphthol.
Fractions which were found to contain carbohydrate were pooled and evaporated under nitrogen.
The permethylated samples were hydrolysed with 2 M TFA at 110°C for 2h as above. The methylated monosaccharides were then reduced with sodium borodeuteride and acetylated according to the method of Saddler et al. (37) . GC-MS analysis of the samples was performed on a Carlo-Erba 8060 MS gas chromatograph connected to a Micromass Trio 2000 mass spectrometer. Samples were injected with a split injector (split rate of 50:1). The injection port temperature was 250 °C and the transfer line 250 °C. The column was a 30 m x 0.32 mm internal diameter BPX-5 fused silica column with helium (50 kPa) as the carrier gas. The oven was programmed to hold 140 °C for 1 min followed by a 10 °C/min rise to 280 °C and a 10 min hold. The mass spectrometer operated in electron ionisation mode (70 eV) and was set to scan from 20 to 650 amu.
MALDI-TOF analysis.
Analysis by matrix-assisted laser desorption ionisation-time of flight mass spectrometry (MALDI-TOF MS) was carried out on a Voyager DE-STR (PerSeptive Biosystems, Framingham, MA) using linear mode detection. All samples were irradiated with UV light (337 nm) from a N 2 laser and were analysed with the instrument operating at 20 kV in the negative-ion mode. The matrix used was 2,5-DHB (2,5-dihydroxybenzoic acid). 
Capillary electrophoresis.
The electropherograms were acquired and stored on a Dell XPS P60 computer using the System Gold software package (Beckman Instruments, Inc.). APTS derivatives were loaded by applying 0.5 psi (3.45 kPa) vacuum for 5 s (6.5 nl injected). Separations were performed using an uncoated fused-silica capillary column (Sigma, Division Supelco, Saint-Quentin-Fallavier, France) of 50 µm internal diameter with 40 cm effective length (47 cm total length). Analyses were usually performed on a P/ACE capillary electrophoresis system (Beckman Instruments, Inc.) with the cathode on the injection side and the anode on the detection side (reverse polarity) (Figures 3a, c and d). They were carried out at a temperature of 25°C with an applied voltage of -20 kV and using acetic acid 1% (w/v), triethylamine 30mM in water, pH 3.5 as running electrolyte. For figure 3b, the electropherogram was recorded in normal mode, at a temperature of 25°C with an applied voltage of +25 kV and borate buffer (20 mM, pH 9.2) as running electrolyte.
Detection system consisted in a Beckman laser-induced fluorescence (LIF)
equipped with a 4-mW argon-ion laser with the excitation wavelength of 488 nm and emission wavelength filter of 520 nm.
NMR Spectroscopy.
Prior to NMR spectroscopic analysis, fractions were exchanged in D MHz and phosphoric acid (85%) was used as the external standard (δ P 0.0). All 2D NMR data sets were recorded without sample spinning and data were acquired in the phase sensitive mode using the time-proportional phase increment (TPPI) method (40) . Four 2D
Homonuclear Hartmann-Hahn (HOHAHA) spectra were recorded using MLEV-17 mixing sequences of 9 ms, 43 ms, 82 ms, 113 ms (41 Quantitation of cytokine mRNA expression by real time PCR.
Macrophages harvested at the times described above were centrifuged at 400 x g for 5 min, washed with warm PBS, and total RNA was extracted using Qiagen RNeasy
Mini Kit (Qiagen Inc., CA). All RNA samples were treated with amplification grade DNAase I (Gibco, ON, Canada) to remove any traces of genomic DNA contamination.1 µg of total RNA was used for cDNA synthesis in a volume of 25 µl using the Thermoscript RT-PCR System kit (Gibco). After cDNA synthesis by reverse transcription, the reaction was diluted to 80 µl. Gene specific primers and internal oligonucleotide probes for IL-1β, IL-6, IL-8, IL-10, IL-12p40, IL-18, TNF-α and IFN-γ and glyceraldehyde-3-phosphate dehydrogenase (G3PDH) were selected based on equine cDNA sequences (Table 3) using the Primer Express Software (Applied Biosystems, Foster City, CA). The internal probes were labeled at the 5' end with the reporter dye 6-carboxyfluorescein, and at the 3' end with the quencher dye 6-carboxytetramethyl-rhodamine. Amplification of 2 µl of cDNA was performed in a 25 µl PCR reaction containing 900 nM of each primer, 250 nM of Taqman probe and 12 µl of TaqMan Universal PCR Mastermix (Applied Biosystems).
Amplification and detection were performed using the ABI Prism 7700 Sequence Detection System (Applied Biosystems) with initial incubation steps at 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. Each sample was assayed in triplicate and the mean value was used for comparison. Samples without cDNA were included in the amplification reactions to determine background fluorescence and check for contamination. cDNA from 24 h Concanavallin A-stimulated equine blood mononuclear cells was used as positive control. To account for variation in the amount and quality of starting material, all the results were normalized to G3PDH
expression. Relative quantitation between samples was achieved by the comparative threshold cycles method and is reported as the n-fold difference relative to cytokine mRNA expression in unstimulated macrophages (47) .
Results
Purification of the lipoglycan fraction of R. equi.
In order to minimise contamination with extractable lipids (particularly phosphatidylinositol dimannoside, PIM 2 ) and to maximise yields, R. equi cells were delipidated and permeabilised prior to extraction with hot water-phenol (28, 48) . The carbohydrate profile for the HIC purification of a crude hot water-phenol extract of R. equi 28 + is shown in Figure 1a . Similar results, with a reduced proportion of PK2, were obtained for the purification of extracts of R. equi 103 + and ATCC 6939 .
Initial elution of the column with equilibration buffer removed hydrophilic contaminant material which includes nucleic acids, polysaccharides and proteins (PK1, Figure 1a ). Two carbohydrate-containing peaks eluted within the propanol gradient (PK2 and PK3, Figure 1a ). Each fraction was analysed by SDS-PAGE and modified silver staining which revealed PK3 to contain lipoglycan (ReqLAM). However, the final few fractions were contaminated with a low molecular weight mannose-containing lipid thought to be phosphatidylinositolmannosides (PIM) larger than PIM 2 . Moreover, the fractions which composed PK2 were not revealed using this staining method and were subsequently shown to contain a very high molecular weight polysaccharide, the composition of which varied between strains, and no fatty acids. Consequently PK2 was thought to derive from capsular polysaccharide and as such was not studied further.
Lipoglycan-containing fractions (PK3) were pooled, excluding those containing the low molecular weight contaminant. Following dialysis and lyophilisation, HIC purified lipoglycan typically represented 0.4% of the dry cell weight extracted.
Subsequently, NMR studies revealed that PK3 was still contaminated by small 
Structural characterisation of R. equi LAM.
ReqLAM polysaccharidic backbone
The ReqLAM (strain 28 C HMQC experiments, evidencing 9 spin systems, noted from I to IX in Table 1 .
The anomeric area of the 
Phosphatidyl-myo-inositol anchor acylation state
The phosphatidyl-myo-inositol anchor structure was investigated from 1D and 2D
phosphorus NMR. The 1D (Table 2) . From these data, it can be proposed that P3 typified a di-acylated Gro anchor. Although the P5 signal was weak, we were able to deduce the absence of an acyl residue on the C2 of the Gro. P3 and P5 corresponded to phosphatidyl-myo-inositol anchor devoid of fatty acid on their myo-Ins unit.
The linkage of the backbone to the myo-inositol anchor was postulated by analogy to the mycobacterial ManLAM anchor structure. In the same way, α-Manp unit was postulated in position 2 of the phosphatidyl-myo-inositol anchor based on the characterization of PIM 2 by MALDI ( Figure 8 ) as PIM 2 are considered as LAM precursors.
Biological activities of the lipoglycan.
ReqLAM showed a strong reaction on Western blotting with Hypermune-RE, an anti-R. equi antiserum produced commercially for the prophylactic treatment of foals (data not shown) confirming the antigenicity of the lipoglycan in vivo. Morever, ReqLAM gave reactions of varying intensity with four out of four convalescent sera from foals that had recovered from R. equi infection (data not shown). Mycobacterial LAM, lipomannan (LM) and PIM have been shown to interact with mannose binding protein (MBP) (50, 51) .
ReqLAM was applied to a column of immobilised MBP and retention of lipoglycan material was monitored by electrophoresis followed by blotting and probing with ConA (23).
ReqLAM was retained by the MBP (Figure 9 ), eluting only after the application of buffer containing EDTA to disrupt calcium dependent interactions between the lipoglycan and the MBP carbohydrate recognition domain.
Further study of the biological activities of the ReqLAM focused on its ability to stimulate cytokine production by equine peripheral blood macrophages. Cytokines and ReqLAM, albeit with typically higher response to the R. equi whole cells. Likewise, for the representative regulatory cytokines assayed, ReqLAM again induced a greater early response compared to the whole cells (Figure 11 ). At later time points in the assay of the regulatory cytokines, the whole cells typically induced a greater response than the ReqLAM, with the exception of IL-18 which was not induced by either stimulant ( Figure   11B ). The ability of ReqLAM to induce production of both inflammatory and regulatory cytokines was also confirmed in preliminary experiments with ReqLAM from strain 103+
(data not shown).
Discussion
The R. equi lipoglycan ReqLAM has a structure related to, but clearly distinct from, cytotoxic free oxygen radicals and complement activation (7, 8, 61) . However, only LAM lacking mannose caps (PILAM and AraLAM) has been found to induce significant TNF-α and IL-12 expression by human and murine macrophages (7, 8) . Our studies with
ReqLAM also show the marked effect of this lipoglycan on macrophage cytokine induction. It is intriguing that ReqLAM induces both pro-inflammatory cytokines ( Figure   10 ) and macrophage deactivating cytokines ( Figure 11 ). The lack of immediate TNF-α response to ReqLAM was a notable difference from the immediate TNF-α response to whole cells of R equi ( Figure 10D ). Darrah and others (62) have shown that both TNF-α and IFN-γ are required to activate macrophages in order to kill R equi by peroxynitrite.
Finally, the observation of a marked optimal dose effect of ReqLAM on selected cytokine mRNA transcription (data not shown) was unexpected. Further study is needed to support the intriguing possibility that ReqLAM could produce an immunosuppressive effect through an intracellular bacterial load effect on macrophage cytokine expression. Possible effects attributable to ReqLAM thus need to be considered in future studies of the cytokine responses of equine macrophages to infection with virulent and avirulent R. equi. TFA, trifluoroacetic acid; TNF-α, tumour necrosis factor alpha. The peaks correspond to Ac 2 PI acylated predominantly by C 16 
